Limited value of mouse therapy models Preclinical tumour models are a fundamental component of the study and design of new regimens for cancer treatment. Nonetheless, there are considerable shortcomings in the models used, both past and present. To cite just a few examples, tumour cell lines implanted subcutaneously in mice generally tend to grow rapidly and thus do not mimic the much slower doubling times of most human cancers. This may render them, for example, much more sensitive to most chemotherapy drugs that target dividing cells. It is also unclear whether ectopic (out of the normal place) subcutaneously implanted tumours -still a standard methodologywill respond to a therapy in the same way if grown in an orthotopic site 1 (in their organ or tissue of origin, such as breast cancers in mammary fat pads). In addition, tumourbearing mice are often treated with drugs at levels, or with pharmacokinetics, that are not relevant to humans [2] [3] [4] . Furthermore, almost all the preclinical models that have been studied have not involved tumours that were pre-exposed to another therapy, whereas many Phase I and Phase II clinical trials involve patients who have already undergone and progressed under first, second, or even more therapies and to which their tumours have become refractory. In addition, these models fail to reflect Phase I, Phase II and most Phase III clinical trials of patients with advanced metastatic disease in multiple organ sites, which presents a much more formidable therapeutic challenge than treating localized primary tumours, single metastases or minimal residual microscopic disease.
Possible alternatives to human cancer xenografts include genetically engineered mouse models (GEMMs), which have been developed and used to study many aspects of tumour biology 5 . Such models are generated through alterations in the level of expression (overexpression or deletion) of genes, especially those that are relevant to the human tumorigenic process in the respective tumour type 6, 7 , and offer several advantages, including generating orthotopic tumours in immune competent hosts that often reflect their respective human tumour histotypes and which contain a stroma and a vasculature of the same species. In this respect, they have been especially effective for studying the early events in tumorigenesis. However, they have not replaced xenograft models as reliable clinically predictive tools for examining the efficacy of therapeutic approaches to treat metastatic disease. This may be due, at least in part, to the fact that such models generally show a low incidence of distant metastatic disease 8, 9 (for example, <10% in Brca1 +/--and Pten +/--mutant mice, compared with much higher incidences of metastasis in patients with germline BRCA1 and BRCA2 mutations 10, 11 , or to the reported 59% of patients with prostate cancer that lack PTEN who have lymph node metastases 12 ). Moreover, even when metastatic disease occurs, it often develops only after long periods of latency, and in an asynchronous manner, thus making it difficult to monitor in vivo 7, 13 . Despite these handicaps some promising advances are being made 14, 15 . For example, mouse models in which the oncogenes Erbb2 (also known as Neu and Her2) and polyoma middle T antigen (PyMT) have been expressed under the control of mouse mammary tumour virus (MMTV) -the MMTV-PyMT and MMTV-Erbb2 models of breast cancer 16 do develop metastatic disease (for example, to the lungs and other organs), as does the model of pancreatic islet carcinoma in which SV40 T antigen (Tag) is expressed under the control of the rat insulin promoter (RIPTag) 17 . These models have been used to test the efficacy of experimental drugs; thus, the RIP-Tag model has been used to test smallmolecule kinase inhibitors, as well as inhibitors of angiogenesis and inhibitors of matrix metalloproteinases 14, 18 . In addition, Singh et al. used different mutant Kras GEMMs to study, in a retrospective manner, therapies that had been used in various prior successful or unsuccessful randomized Phase III trials. Excellent correlation was found when clinically relevant end points were used, such as progression-free survival based on imaging 19, 20 . Similarly, a GEMM model of pancreatic cancer was recently used to show increased tumour perfusion, with concomitant improved delivery of chemotherapy to the tumours, following the administration of a Hedgehog pathway (Smoothened) inhibitor 21, 22 . However, routine surgical resection of the multiple asynchromously arising primary tumours in such mice is, by definition, difficult or not practical. As such, this severely limits duplicating preoperative neoadjuvant therapy and postoperative adjuvant therapy of either early-stage microscopic metastatic disease or late-stage metastatic disease -all of which are standard clinical procedures.
Resolving the discrepancy: an approach Because of the shortcomings of commonly used human tumour xenograft models, particularly subcutaneously transplants, and the limited numbers of mouse models that readily develop extensive visceral metastatic disease, we decided to try and improve the clinical predictive power of preclinical models based on the biology of metastasis (FIG. 1) . Our approach was to initially develop new models that could develop advanced, established and spontaneous visceral metastatic disease by using transplanted cell line-based human tumour xenografts (FIG. 2) . We began our studies using human breast and melanoma cell lines, as orthotopic transplantation of such tumours is relatively Abstract | An enduring problem in cancer research is the failure to reproduce highly encouraging preclinical therapeutic findings using transplanted or spontaneous primary tumours in mice in clinical trials of patients with advanced metastatic disease. There are several reasons for this, including the failure to model established, visceral metastatic disease. We therefore developed various models of aggressive multi-organ spontaneous metastasis after surgical resection of orthotopically transplanted human tumour xenografts. In this Opinion article we provide a personal perspective summarizing the prospect of their increased clinical relevance. This includes the reduced efficacy of certain targeted anticancer drugs, the late emergence of spontaneous brain metastases and the clinical trial results evaluating a highly effective therapeutic strategy previously tested using such models. 28 , and advanced multiple metastases can be obtained [29] [30] [31] [32] [33] , especially if the primary tumours are surgically resected 34 . This prolongs survival and allows sufficient time for disseminated cells from the primary tumour to develop into established metastases, thus recreating the multiple sequential steps that are associated with the metastatic cascade [34] [35] [36] [37] [38] . The metastatic process can be further monitored if the cells are tagged with molecular markers [39] [40] [41] such as luciferase 41 , which was a key factor in our decision to use tumour cell lines, rather than tumour tissue, to establish the xenografts.
More than 25 years ago we and other groups reported the development of metastatic melanoma models [42] [43] [44] . We described the derivation of variants of the human MeWo melanoma cell line that were capable of spontaneous metastatic spread 44 . More recently, we also derived highly metastatic variants, such as the 113/6-4l subline derived from the WM-239 human melanoma 35 (TABLE 1). These highly metastatic variants were generated through two rounds of in vivo selection involving orthotopic primary tumour cell implantation, subsequent tumour resection and isolation of metastatic cells from visceral (lung) metastasis that emerged several months later (FIG. 2) . For example, whereas the parental WM239 cells require 4-6 months for the formation of visible metastatic nodules after tumour resection, the 113/6-4l variant requires only 4-6 weeks for metastases to develop in the lungs and elsewhere, such as in the pleural cavity 35 .
Variants of the human MDA-MB-231 breast cancer cell line that were capable of spontaneous metastatic spread (TABLE 1) were also isolated following a similar in vivo selection procedure 45 . One such variant, called 231/ lM2-4, aggressively and spontaneously metastasizes to various host organs such as the liver and lungs 34 . Additionally, we developed the first ERBB2-positive breast cancer model of advanced visceral spontaneous metastasis 36, 46 . MDA-MB-231 triple-negative cells (that is, breast cancer cells that do not express oestrogen receptor (ER), progesterone receptor (PR) or ERBB2) were first genetically manipulated to express high levels of ERBB2 by gene transduction 47 , and the resulting cell line, H2N/met2, was used to select sublines that had competence for spontaneous metastatic spread by the aforementioned strategy 36, 46 (FIG. 2) .
Some clinically relevant outcomes in mice As noted above, conventional primary tumour xenograft models are often poorly predictive of whether a new drug (evaluated as a monotherapy) will be effective, and to what extent it will be effective, in a more advanced metastatic disease treatment setting. An example of this kind of discrepancy was observed when we compared the response of primary tumours with macroscopic metastases to various antibody-based drugs. Thus, using the metastatic ERBB2-positive breast cancer cell line 36, 46 (H2N/met2) we noted that treatment with the monoclonal antibody trastuzumab alone did not affect the growth of established visceral metastases, whereas it potently inhibited the corresponding cells that were grown as established orthotopic primary tumours. A similar observation was noted when the parental MDA-MB-231 breast cancer was implanted orthotopically; this resulted in the development of both primary tumours and distant metastases 48 . Monotherapy with DC101, an anti-angiogenic anti-mouse vascular endothelial growth factor receptor 2 (VEGFR2) monoclonal antibody, inhibited primary tumour growth but had no effect on metastatic disease 48 . By contrast, when mice were then treated with daily oral cyclophosphamide (CTX) administered through the drinking water at low minimally toxic doses over prolonged periods and with no long drug-free break periods (metronomic chemotherapy) and with DC101, Figure 1 | The metastatic cascade. Metastatically competent primary tumours grow, invade the local host tissue and eventually shed tumour cells into the circulation. These cells travel to and colonize distant organs, and their subsequent growth at the secondary sites constitutes metastatic disease 37, 73 . Spontaneous metastasis assays involve establishing a primary tumour that is allowed to grow and spread in the host, whereas experimental metastasis assays circumvent the initial growth and invasion stages as a result of directly injecting tumour cells into the circulation. Other assays mimic aspects of metastatic growth by seeding tumour cells at the secondary site (for example, by intrasplenic injection of colorectal cancer cells, which directly targets the cells to the liver 55 where they grow as metastases). the combination inhibited both primary tumour growth, as well as the appearance of metastases. These results would seem to reflect the clinical experiences of using the single agent trastuzumab or the monoclonal antibody bevacizumab against VEGF when treating patients with advanced metastatic breast cancer, as rather limited, if any, benefit is generally the outcome 49, 50 . Instead, they must usually be combined beforehand with another drug or therapy, often chemotherapy, to provide a clinical benefit in the metastatic setting [49] [50] [51] , after which maintenance therapy with the antibody alone may sometimes be effective 52 . Thus, although primary orthotopic and perhaps even subcutaneous tumour models may be useful for the initial screening and the identification of potentially active antitumour agents, ideally they should probably be coupled with additional preclinical models involving advanced metastatic disease that confirm the therapeutic activity of the agents with respect to the appropriate tumour type and in relevant sites of distant metastasis 53 . If such activity is not detected, further combination treatments should be evaluated in the metastatic setting. In addition, antitumour agents should also be confirmed in GEMM models; for example metronomic CTX was also shown to have antitumour activity in the RIP-Tag model 48 .
To date, several studies have used advanced disease models to test new therapeutic regimens 54 (TABLE 2) . For example, Napoleone Ferrara's group tested bevacizumab monotherapy on experimental liver metastases of human colon cancer cells, as well as on subcutaneously implanted tumours 55 . Rakesh Jain and colleagues reported the effect of anti-VEGFR1 therapy on spontaneous metastases of the B16 melanoma murine cell line, and Pratima Nangia-Makker et al. described the effect of modified citrus pectin therapy on lSliM6 human colon carcinoma metastases. In addition, Beverly Teicher and colleagues reported the effect of alkylating agent-based therapies on EMT-6 mouse breast cancer spontaneous metastases 32 , as well as the effects of TNP-470-based therapies on experimental lung metastases in a fibrosarcoma model 31 .
Effective anti-metastatic therapies One surprising discovery to arise from the use of models of advanced multi-organ spontaneous metastasis is the responsiveness of metastases to therapies that had initially been found to be ineffective in the treatment of the primary tumours developed by those cells. For example, Ann Chambers and colleagues 56 found that when the MDA-MB-435 tumour cell line was grown in the mammary fat pads of nude mice, which were subsequently placed on a diet supplemented with the antioxidant genistein (750 μg per g) or a control diet, no difference in primary tumour growth rate between the two diets was observed. By contrast, spontaneous metastases of MDA-MB-435 (in mice still harbouring the primary implants) were inhibited by the genistein diet. The selective anti-metastatic effect of genistein was confirmed by growing primary tumours and then surgically removing them -at which point the mice were placed on a genistein diet 56 . We have observed similar findings when studying metastases of the MDA-MB-435 model that responded well to a metronomic chemotherapy protocol of the antimitotic agent vinblastine. This result would not have been predicted from the minimal response observed from primary tumours in control experiments 3 -a discrepancy that has also been noted in other tumour models 57 . Similarly, we found that orthotopic 231/ lM2-4 primary tumours showed a limited growth delay when mice were treated with a doublet metronomic CTX and uFT (tegafur plus uracil, an oral 5-Fluorouracil (5-Fu) prodrug) chemotherapy regimen 34 . By contrast, the therapy was remarkably effective against established spontaneous metastases (FIG. 3) . This result was important in the decision to initiate a Phase II clinical trial in patients with metastatic breast cancer For example, a primary tumour of the human melanoma cell line WM239 was established by the injection of the cells subdermally (orthotopically) into severe combined immunodeficient (SCID) mice, allowed to grow and establish itself for 3 weeks, and was then surgically removed (to prevent the rapidly growing primary tumour from causing end point termination of the experiment). Several months later the mice showed evidence of lung metastases -from which the subline 113/6-4L was derived 35 . In some studies, these cells were re-implanted into a new host for an additional round of selection. This type of in vivo enrichment procedure was also used to derive, for example, the highly metastatic 231/LM2-4 variant of the human breast cancer cell line MDA-MB-231 (REF. 34 ). By using a similar selection procedure, the H2N/met2.hCG metastatic variant was derived from MDA-MB-231 cells that previously expressed ERBB2 by gene transduction and which were then transfected to express and secrete the β-subunit of human choriogonadotropin (β-hCG) protein, which can be used as a surrogate molecular marker of disease burden and response to therapy 36, 39 . The treatment of mice with established 113/6-4L spontaneous metastases using a metronomic doublet vinblastine (Vbl) and CTX regimen led to prolonged survival and to the eventual emergence of brain metastases. Isolation of a brain metastases resulted in the derivation of a variant subpopulation that spontaneously metastasizes to the brain without any therapeutic intervention to prolong the survival times of mice. of metronomic capecitabine (another oral 5-Fu prodrug), with metronomic CTX, plus bevacizumab, which yielded very promising results 58 that are now being evaluated in a randomized Phase III trial (ClinicalTrails. gov Identifier NCT01131195; see Further information). Such preclinical results clearly raise the question of whether many potentially promising therapeutic regimens in the past were discarded because of unimpressive effects observed on primary tumours.
The aforementioned results are not specific for the MDA-MB-231 or MDA-MB-435 tumour models. For example, spontaneous metastases of the WM-239 melanoma metastatic variant 113/6-4l were found to respond to metronomic vinblastine and CTX doublet chemotherapy, whereas primary tumours responded poorly 59 (FIG. 4) . This model of spontaneous melanoma metastasis also mirrored the minimal clinical efficacy that was noted for a maximum tolerated dose of dacarbazine (which is standard therapy and the only uS Food and Drug Administration (FDA)-approved chemotherapy agent for malignant melanoma 60 ) even when combined with other agents 59 . However, we found that a doublet metronomic dacarbazine plus CTX protocol, with vinblastine, caused an increase in the survival of mice with extensive visceral metastases 59 . Similar survival benefits were observed with DC101 plus metronomic vinblastine 59 . This result seems to confirm our earlier observations from treating mice with MDA-MB-435 metastases with metronomic vinblastine plus DC101 (REF. 3) .
The disparity of response to therapy between primary tumours and advanced metastases has also been reported in the rat. Thus, McCulloch and George 57 found that spontaneous metastases that were derived from MTln3 rat mammary carcinoma were inhibited by warfarin treatment. The same therapy, however, did not have an effect on the growth of MTln3 subcutaneously implanted primary tumours.
Late emergence of CnS metastases
The successful control of visceral metastatic disease that was achieved in the aforementioned breast and melanoma spontaneous metastasis models resulted in the manifestation of a finding that is assuming increasing clinical importance: the emergence of central nervous system (CNS) metastases. We have noted this in studies of the 113/6-4l spontaneous melanoma model 35 and also more recently in the 231/lM2-4 breast cancer model 34 . Ironically, this phenomenon is • Human 113/6-4L melanoma treated with metronomic CTX and vinblastine 35 • Human LSLiM6 human colon carcinoma treated with modified citrus pectin 30 • Murine B16 melanoma treated with VEGFR1-specific antibody 29 • Murine Lewis Lung carcinoma treated with TNP-470 alone, or combined with chemotherapy 31 • Murine EMT-6 breast carcinoma treated with alkylating agents 32 CTX, cyclophosphamide; HIF1α, hypoxia-inducible factor 1α; i.c., intracardiac injection; i.s., intrasplenic injection; i.v., intravenous injection; TGFβ, transforming growth factor-β; VEGF, vascular endothelial growth factor; VEFGR, VEGF receptor. *Additional examples of spontaneous and experimental metastasis assays in cancer therapeutics were recently reviewed by Steeg and Theodorescu (REF. 68 ).
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Metastasis Nature Reviews | Cancer probably the result of the more prolonged control of systemic metastatic disease, which is also observed in certain cancer patients receiving various therapies. For example, the therapy of ERBB2-positive breast cancer with trastuzumab-based chemotherapy regimens has led to a marked increase in the incidence of brain metastases at relapse [61] [62] [63] . This is probably due to the increase in survival times caused by temporarily controlling visceral metastatic disease, which allows seeded microscopic metastases in the CNS sufficient time to develop into established lesions [61] [62] [63] . As such, this bolsters the rationale for developing preclinical models of spontaneous CNS metastases to study the biology and treatment of such lesions. In this respect, one group has reported that spontaneous CNS metastases can also develop from orthotopically implanted 4T1 mouse mammary tumour cells 64 . Spontaneous brain metastatic variants from resected primary tumour transplants have recently been derived using the 113/6-4l and 231/lM2-4 metastatic models 34, 35 . Such tumour variants with enhanced metastatic affinity for CNS 35 , termed 131-4-5B1 and 131-4-5B2 (melanoma) and 161/8-1B (breast cancer), can be used to investigate aspects of tropism and mechanisms of spontaneous metastasis 65, 66 , as well as to test therapeutic strategies for the treatment of brain metastases.
Metastasis models: pros and cons One advantage of using preclinical models of spontaneous metastasis is that they allow researchers to test therapies in laboratory conditions that mimic disease present in most clinical trials more faithfully than do the simpler subcutaneous xenograft models, for example. Nonetheless, there are several challenges associated with the setting up of spontaneous metastasis experiments 7, 67 ( FIG. 2) . For instance, once the primary tumours have grown to a considerable size (for example, 400-500 mm 3 ) they have to be surgically resected, and at that stage several complications can arise. Tumours may grow asynchronously making it difficult to decide when surgery is to be carried out, and they can also locally invade the surrounding host tissues. Such invasion may become evident only at the time of surgery, which then becomes either impractical or more laborious, and this may reduce the number of mice that remain available for the experiment. It is also imperative that the incidence and the extent of primary tumour invasion at the time of surgery be noted, as mice with locally invasive tumours are more likely to develop metastases, and they also tend to have a worse prognosis. These factors make randomization of the mice, to ensure equal disease burden in the different treatment groups, more difficult.
One additional complication is the uneven appearance of spontaneous metastases following the surgical removal of the primary tumours; thus, in some mice detectable disease may develop 1 week after surgery, whereas in others it may take up to 1 month. This, in turn, requires further careful planning of how to randomize the mice into treatment groups, and can increase both the overall cost as well as the time it takes to complete an experiment. Such difficulties can nonetheless be offset by starting the experiment with more mice per group. Furthermore, one advantage of such complexity is that the observed difference in metastatic patterns from animal to animal is more realistic and reflective of the clinical presentation of metastasis. assay, disseminated disease (typically to the lungs) develops following intravenous injection of tumour cells (FIG. 1) . Therapy studies using experimental metastasis, in retrospect, often involve the initiation of treatment when only low volume (microscopic) disease is present 68 . This is actually more reflective of postoperative adjuvant therapies for occult (early-stage) disease. Patients with such disease can sometimes be cured, in part because of its minimal nature and lack of exposure to previous therapies. Nonetheless, there are also studies in which the initiation of treatment is delayed until the experimental metastases have become evident; thus, effectively treating late-stage disease 69 . Furthermore, the use of experimental metastasis assays has also been highly successful for investigating the tissue specificity of metastases (for example, for experimental breast cancer metastases 65, 66, 70 , using models that are also capable of spontaneous metastasis 71, 72 ), as well as their response to targeted therapies 55 (TABLE 2) and the identification of possible relevant molecular drivers of metastatic disease.
Overall, given the benefits and limitations of these assays, it is reasonable to assume that a combination of both experimental and spontaneous metastasis models constitutes an effective and robust strategy to preclinically evaluate the efficacy of new therapeutic regimens.
Conclusions
On the basis of the results of the studies that have been summarized above, we suggest that the incorporation of the preclinical evaluation of anticancer drug activity against established visceral metastases constitutes an important, and perhaps even essential, step in the overall sequential development and assessment of new therapeutic regimens. As the spontaneous metastasis models outlined here recapitulate all the events involved in the multistep process of the metastatic cascade, they should also help to improve our understanding of the mechanisms that regulate metastatic spread and growth. The development of similar models involving other types of cancer, for example, colorectal, lung, renal, liver and prostate cancers, should be considered (along with strategies designed to enhance visceral metastasis in GEMMs). As illustrated by the aforementioned results, the use of these preclinical metastasis models can also lead to the development of interesting drug-resistant variants such as those that escape therapy by preferentially metastasising to the brain. Therefore, although our proposal represents a considerable leap of faith for preclinical cancer therapeutics in that spontaneous metastasis assays are more expensive and technically challenging, we would argue that this is a leap worth taking. 
